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Abstract-We have been developing four kinds of lens-cou- 
pled antenna imaging arrays for operation at millimeter- and 
submillimeter-wave frequencies. The comparison between di- 
pole antennas, Yagi-Uda’s, trap-loaded antennas, and micro- 
strip patches will be discussed from the viewpoint of the match- 
ing with the detectors and optical systems. The radiation 
patterns and input impedance of each antenna have been cal- 
culated and measured to attain the optimum matching using 
model experiments. The trap-loaded antenna arrays have been 
successfully applied to plasma diagnostics at the Tsukuba 
GAMMA 10 tandem mirror. 
I. INTRODUCTION 
ILLIMETER and submillimeter wavelength imag- M ing has recently become increasingly important in 
remote sensing, plasma diagnostics, radio astronomy, and 
environmental measurements. Accordingly the high-per- 
formance multi-element quasi-optical imaging systems 
have been developed [I]-[5]. The imaging systems re- 
quire sensitive antennas and detectors, and high resolu- 
tion optical systems. Planar antenna arrays with inte- 
grated detectors have led to improved sensitivity and 
scanning speed. We have investigated several kinds of 
printed antennas [5]-[8], which are integrated with detec- 
tors and are combined with a low-loss dielectric substrate 
lens. This structure eliminates RF feed cable losses and 
substrate modes losses [9], and offers mechanical stability 
and facility for cooling. On the other hand, the antennas 
require careful matching to the detectors and optics. In 
this paper, we will discuss the comparison between the 
lens-coupled printed antennas: dipoles, Yagi-Uda’s, trap- 
loaded antennas and microstrip patches, all of which are 
integrated with beam-lead Schottky diodes. Also the mea- 
surement of plasma density profile with an imaging array 
at the University of Tsukuba GAMMA 10 tandem mirror 
will be shown as a practical application. 
11. YAGI-UDA ANTENNA IMAGING ARRAYS 
The fundamental configuration of the arrays consists of 
half-wave dipoles integrated with diodes on a dielectric- 
air interface [SI. The input impedance of the dipole is 
generally much larger than that of diodes or SIS junctions, 
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which causes large mismatch loss, because of difficulty to 
fabricate small-size matching circuits on the each array 
element. In addition, the dipole radiation pattern shows 
big sidelobes and a large central dip in the H-plane [lo] 
(Fig. 2(a)). To improve the radiation patterns, we have 
proposed and fabricated Yagi-Uda antenna configuration 
[6] shown in Fig. 1. The radiator elements are photolith- 
ographically fabricated half-wave dipoles on a substrate 
of PTFE/glass ( E ,  = 2,17), and the SBD’s are integrated 
at the feed point of each radiator. The director elements 
are on the other side of the substrate to which a hyper- 
hemispherical lens of 60 mm diameter, made of TPX ( E ,  
= 2.13), is attached. The spacing between the radiator 
and the director can be controlled by choosing the sub- 
strate with proper thickness. For optimization of the an- 
tenna configuration, the element dimensions are deter- 
mined by two conditions: one is impedance matching with 
the detector, and the other is beam pattern matching with 
the optical system. The radiation pattern can be adjusted 
by changing the director length and the element spacing. 
Fig. 2(b) shows optimized Yagi-Uda patterns. The ra- 
diator length 21, is 0.5A,, the director length 21, is 
0.462Ad, and the spacing d is 0.093Ad. A, and Ad are the 
effective wavelength at the air-dielectric interface and the 
wavelength in the dielectric, respectively, being defined 
by 
The improved pattern i s  almost symmetrical and the di- 
rectivity Gd is 5.5 dB. The directivity is defined by 
where D(0,  4) is the directivity function. Because the di- 
ameter of the hyperhemispherical lens is electrically large 
and the substrate modes can be neglected, we have ap- 
plied the moment method to the dielectric half spaces to 
calculate current distributions on the radiator and the di- 
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Fig. 2 .  The calculated and measured radiation patterns of an antenna on a 
dielectric hemisphere ( E ,  = 2.13) of 100 mm diameter. (a) Dipole. (b) 
Yagi-Uda (21, = 0.5X,, 212 = 0.462Xd, d = 0.093hd). The scale is linear 
in power; - theory, --- experiment at 50 GHz. 
terns were measured in an anechoic chamber at 50 GHz 
band using TPX hemispherical lens of 100 mm diameter. 
The results agree well with the theory although many rip- 
ples are obtained in the H-planes. These ripples are due 
to the leaky radiations from the electric fields across the 
parallel low-frequency leads. 
The input impedance can be tuned over a broad range 
by adjusting the element dimensions (Fig. 3 ) ,  leading to 
good matching conditions without complex matching cir- 
cuits. The detectors are beam-lead Schottky diode (Sanyo 
Electric Co. Ltd., SBL-221) with typical R, of 4.1 Q ,  R, 
of 540 Q ,  C, of 31 fF and C,, of 60 fF at a 50 pA bias 
current, with a cutoff frequency larger than 400 GHz. 
These parameters were estimated from the diode structure 
[12], and the results agree with the dc and microwave 
measurements with the use of Cascade probe station and 
the HP-85 10 network analyzer in the frequency range from 
1 to 18 GHz. The calculated small-signal impedance with 
an RF equivalent circuit at 50 GHz is 2.7 - j35.0 Q .  The 
SBD’s are useful for imaging applications because they 
can be used for both video detectors and heterodyne mix- 
ers at room temperature. Fig. 4 shows calculated directiv- 
ity and mismatch loss versus the director length. The mis- 
Fig. 3 .  The calculated input impedance of a Yagi-Uda antenna on a die- 
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Fig. 4. The calculated directivity and mismatch loss of a Yagi-Uda an- 
tenna (21, = O.5Xe, d = 0.093Xd) versus director length 212. The diode 
impedance is 2.7 - j35.0 51. 
match loss M between the antenna and the diode is defined 
by 
(4) 
where Zu is the antenna input impedance and Zd is the 
impedance of the diode. 
Considering both the impedance mismatch and the di- 
rectivity, we can estimate the total efficiency of the indi- 
vidual receptor. Fig. 5 shows calculated and measured 
total sensitivity of the receptor. For the optimized Yagi- 
Uda, the receiving power from an incident plane wave is 
theoretically improved 8 dB in comparison with the dipole 
only, and experimentally a 6 dB increase in power has 
been measured. In the collinear Yagi-Uda array, cross- 
talk levels of less than -20 dB between adjacent antennas 
have been measured when the element interval is 0.7Xd in 
5 GHz model experiments. These levels are negligible for 
constructing imaging arrays with the f-number of 1 .O. A 
total receptor 3 dB bandwidth of 19% for the dipole and 
15% for the Yagi-Uda have been measured at 50 GHz 
band. 
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Fig. 5. Total sensitivity of a Yagi-Uda receptor versus director length 21,. 
The 0 dB line shows the sensitivity of the dipole; ~ theory, 0 exper- 
iment at 50 GHz. 
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Fig. 6 .  The configuration of a trap-loaded dipole imaging array. 
111. TRAP-LOADED ANTENNA IMAGING ARRAYS 
The dipole configuration shown in Fig. 1 offers some 
difficulties to fabricate parallel array because of the ob- 
struction of the bias and low-frequency leads. In order to 
avoid any complex circuit designs which might degrade 
radiation patterns or crosstalks, we have designed trap- 
loaded antenna configuration [13] shown in Fig. 6. In this 
structure, the leads are taken from the edges of the dipole 
through high impedance traps. Each trap consists of a 
quarter-wavelength long short-stub which offers a high Q- 
value. 
Fig. 7 shows measured radiation patterns for the trap- 
loaded dipole (a) and the Yagi-Uda configuration (b) with 
21, of 0.414Xd and d of 0.124Xd. Fig. 7(a) also shows 
dipole patterns calculated by assuming sinusoidal stand- 
ing waves which have large amplitude on the dipole, and 
small amplitude on the 3X, long outer sections. Undesir- 
able radiations from the waves on the outer sections de- 
grade radiation patterns and cause larger sidelobes in the 
E-plane. The directivity of 3.7 dB for the dipole and 5.9 
”-- . ._A /-’ 
E-plane H-plane 
(b) 
Fig. 7. The calculated and measured radiation patterns of a trap-loaded 
antenna on a dielectric hemisphere ( E ,  = 2.13) of 100 mm diameter. (a) 
Dipole. (b) Yagi-Uda (21, = 0.5X,, 212 = 0.414Xd, d = 0.124Xd). The 
scale is linear in power; --- theory, - experiment at 50 GHz. 
dB for the optimized Yagi-Uda have been measured at 50 
GHz experiment. The cross-polarization pattern level of 
the trap-loaded dipole have been measured to be less than 
-20 dB at C#I = 45 O ,  which indicates that the troublesome 
radiations from the traps might be small. The antenna in- 
put impedances become higher than the previous struc- 
tures due to the effects of the outer sections. The imped- 
ance of the dipole with 2X, long traps have been measured 
to be about 200 s2 using 5 GHz model experiment. Hence 
these antennas might be useful for heterodyne detection 
because the RF impedance of the pumped diode is much 
larger than the small signal impedance [14]. A total re- 
ceptor 3 dB bandwidth of 10 % and 8 % were measured at 
50 GHz for the dipole and Yagi-Uda antenna, respec- 
tively. The results show narrower bandwidths than the 
previous structure because of the additional high Q-value 
traps. 
IV. PATCH ANTENNA IMAGING ARRAYS 
Although the Yagi-Uda configurations have offered 
good performance and a simple structure for easy fabri- 
cation, lack of efficient space is one of the disadvantages 
for constructing additional integrated circuits. This is par- 
ticularly important in fabricating two-dimensional arrays 
[ 11. Therefore, we have proposed a lens-coupled patch 
antenna imaging array configuration which is very suita- 
ble for fabricating two-dimensional arrays using MMIC 
technique (Fig. 8). This array consists of two individual 
microstrip substrates separated by a common metal ground 
plane. The antennas are printed on the first substrate ( e r 2 )  
covered with the low-loss dielectric lens (er l ) .  Each an- 
tenna is fed with a via-hole or coupling slot [15], [16] 
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Fig. 8.  The configuration of a two-dimensional microstrip patch antenna 
imaging array. 
E-plane H-plane 
Fig. 9. The calculated radiation patterns of a microstrip patch antenna on 
a dielectric hemisphere for various cl?,  where c I 2  is the ratio of the dielec- 
tric constant of the substrate ( E , ? )  to the lens ( E , , ) .  The scale is linear in 
power. 
-90 ' -90 
from the MMIC constructed on the second substrate ( e r 3 ) .  
The second substrate offers an efficient space for fabri- 
cating additional integrated circuits such as matching cir- 
cuits, mixers, amplifiers, and interconnections. The an- 
tennas are ideally isolated from these circuits by the 
Fig. 9 shows calculated radiation patterns of the indi- 
ground plane. 90 90 
vidual antenna [17] versus eI2: 
Er2 
er  I 
€12 = -, (5 )  ~ 
which is defined by the ratio of the dielectric constant of Fig. 10. The calculated and measured two-dimensional radiation patterns of a microstrip patch antenna on a dielectric hemisphere of 100 mm di- 
the first substrate e r 2  to the dielectric constant of the lens ameter (€., = E - ,  = 2.13). (a) Theow. (b) Experiment at 52 GHZ. The . -  
E, I .  Both the patch length U and the patch width b are scale is linear in power. 
where the effective wavelength in the first substrate XeR is 
defined by 
(7) 
and the effective dielectric constant of the first substrate 
is given by 
where h2 is the thickness of the first substrate, and b is the 
patch width [18]. If e r I  equals er2  then the ratio eI2  be- 
comes one, and then an ideal radiation pattern which is 
almost symmetrical for both the E- and H-planes can be 
realized. This pattern has neither any sidelobes nor trou- 
blesome radiations at the horizontal directions, which of- 
fers low crosstalk and high beam coupling efficiency to 
the incident beam. When eI2 does not equal one, a trou- 
blesome substrate mode occurs in the first substrate which 
affects the radiation and impedance characteristics of the 
adjacent antennas in the array [19]. The affected patterns 
accordingly disagree with those shown in Fig. 9. Fig. 10 
shows calculated (a) and measured (b) two-dimensional 
radiation pattern for eI2  = 1 at 52 GHz using a TPX hem- 
ispherical lens of 100 mm diameter in an anechoic cham- 
ber. The feed point (xo, yo) is (0.25u, 0.5b) in our config- 
uration. The results agree well with theory: the calculated 
directivity is 9.8 dB and the 3 dB beamwidths are 60" in 
the E-plane and 71 O in the H-plane. 
The antenna input impedance of 79 + j24 f2 has been 
calculated with a cavity model [20], and 83 + j25 Q was 
measured at 6 GHz model experiments using polyethylene 
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Fig. 11. The configuration of 3 x 3 monolithic microstrip patch antenna 
imaging array (bottom view). 
substrates (E,] = = 2.28). A crosstalk level of less 
than -20 dB in both the E- and H-planes when the ele- 
ment spacing is 0.7hd has been measured at the experi- 
ments. Fig. 11 shows an example of the configuration of 
our 3 X 3 integrated patch array. The squares of dot-line 
show the patch antennas arrayed by the spacing of 0.7Xd. 
Matching circuits and low-pass filters are fabricated be- 
hind each unit. Since we can construct matching circuits 
in the second microstrip substrate, the mismatch loss be- 
tween the antenna and a detector element can be mini- 
mized. Consequently this configuration is suitable for var- 
ious kinds of detectors. The total 3 dB bandwidth of 6% 
have been measured at 50 GHz using the TPX lens and 
Schottky diode detectors. 
V. APPLICATIONS 
As a practical application of our imaging array, we have 
applied a 10 element trap-loaded parallel Yagi-Uda array 
to the University of Tsukuba GAMMA 10 tandem mirror 
in order to measure the plasma density profile, for which 
we have constructed a 70 GHz heterodyne phase imaging 
system [21]. The IF frequency used is 500 kHz. The op- 
tical system has been designed and estimated by using a 
ray-tracing code as well as a Gaussian-beam propagation 
theory [22]. The substrate lens is made of fused quartz (E,  
= 4), producing a magnification of 4.0, and other lenses 
for 70 GHz optics are made with low-density polyethy- 
lene (E, = 2.28), yielding a magnification of 4.3. The 
system f-number of 1.0 determines the cutoff spatial fre- 
quency f t of 233m-’ and the diffraction-limited sampling 
interval TE of 2.14 mm (1 . O X d )  by 
(9) 
n 
” = 2hof-number ’ 
where n is the index of refraction of the substrate lens 
[23]. The sampling interval corresponds to a plasma di- 
mension of 37 mm. The image can be reconstructed by 
the Whittaker-Shannon sampling theorem [24]. The sys- 
-10 0 
X 
Fig. 12. The measurement of the time evolutions of the line-density (a) 
and line-density profile (b) at the plug cell in the Tsukuba GAMMA 10 
plasma with a 10 element trap-loaded Yagi-Uda antenna imaging array at 
70 GHz. The time sequence is as follows: following the gun-produced 
plasma injection (PG), the plasma is heated with ion cyclotron range of 
frequency (ICRF) powers and electron cyclotron heating (ECH) powers. 
tem has been tested to provide diffraction-limited phase 
images using dielectric targets by the same method as 
Young et al. [25]. Fig. 12 shows time evolutions of the 
line-density (a) and line-density profile (b) at the plug cell. 
The initial plasma produced by a plasma gun cannot be 
measured since the density is above the cut-off. The re- 
sults are very close to those obtained by a millimeter-wave 
interferometer with scanning horn antennas, which is used 
for the cross-calibration. 
VI. CONCLUSION 
We have designed and investigated several kinds of 
lens-coupled antennas for operation at millimeter and sub- 
millimeter wavelength. The Yagi-Uda antennas have been 
successfully used with improved radiation patterns as well 
as impedance mismatch loss for small impedance detec- 
tors. Trap-loaded antennas were also designed in parallel 
arrays and successfully applied for plasma diagnostic ex- 
periments at 70 GHz. The lens-coupled patch antennas 
showed good radiation patterns and the stacked microstrip 
configuration has made possible the fabrication of multi- 
function monolithic arrays. 
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